The electronic state and potential data of U 2 molecules are performed by first principle calculations with B3LYP hybrid exchange-correlation functional, the valence electrons of U atom are treated with the (5s4p3d4f)/[3s3p2d2f] contraction basis sets, and the cores are approximated with the relativistic effective core potential. The results show that the ground electronic state is X 9 Σ + g . The pair potential data are fitted with a Murrell-Sorbie analytical potential function. The U-U embedded atom method (EAM) interatomic potential is determined based on the generalized gradient approximation calculation within the framework of the density functional theory using Perdew-Burke-Ernzerhof exchange-correlation functional at the spin-polarized level. The physical properties, such as the cohesive energy, the lattice constant, the bulk modulus, the shear modulus, the sc/fcc relative energy, the hcp/fcc relative energy, the shear modulus and the monovacancy formation energy are used to evaluate the EAM potential parameters. The U-U pair potential determined by the first principle calculations is in agreement with that defined by the EAM potential parameters. The EAM calculated formation energy of the monovacancy in the fcc structure is also found to be in close agreement with DFT calculation.
I. INTRODUCTION
Plutonium metallurgy lies at the heart of the scientific challenges to the nuclear stockpile. Aging mechanisms based on the atomic level are essential to assess the security and reliability of the weapon grade (WG) Pu materials. δ-Pu has been used since Manhattan project for nuclear explosives [1, 2] . He atoms released by Pu α decay accumulate in the form of He bubble, which will lead to volumetric expansion. Vacancies and self-interstitial atoms (SIA) produced by U displacement cascade will diffuse in the lattice, recombine with each other, or form vacancy or SIA cluster, these defects will cause macroscopic changes, such as decreasing density, dimension expansion, and creeping [3−8] . Wolfer et al. investigated the evolution for lattice parameter of Ga-stabilized δ-Pu alloy, the volume expansion, and the effect of pressure on the phase stability of Pu-Ga alloy system during self-irradiation, or aging by X-ray diffraction, dilatometer, and isochronal annealing technique, and they observed that sample occurred δ→α Martensitic transition [9−15] .
Many excellent reports focused on the displacement cascade evolution of 85 keV U recoil nucleus produced by 239 Pu α decay [8, 16−20] , the point defects (such as vacancy, SIA, and their clusters) microstructural con- * Author to whom correspondence should be addressed. E-mail: rusong231@126.com figurations, and recombination behaviors. Other researchers had investigated the He-vacancy cluster and the three-dimensional He bubble nucleation [21−24] , the volumetric swelling induced by the defect clusters, remnants of the large collision cascades that the U recoils produce, He bubbles, and the voids. While other groups had paid more attention on the Pu-Ga phase diagram, especially the δ→α Martensitic transition at subambient temperature in Pu alloys, and the lattice parameters and the volumetric swelling as a function of the Ga atomic content during the aging of Pu-Ga alloys [1, 7, 9, 12] . However, little attention is paid on effect of the U recoil nucleus on the physical properties (such as swelling and lattice parameters) and phase stability. Pu-Pu, Pu-U, and U-U interatiomic potentials are the key parameters for performing the molecular dynamics (MD) simulations of these effects. Pu-Pu interatomic potential can be described by the modified embedded atom method (MEAM) potential of Baskes et al. [25] . In our previous work, the EAM interatomic potential for Pu-U system has been constructed based on the first principle calculations [26] . In the present work, we plan to develop the U-U EAM potential by using the same methods.
II. METHODOLOGY
In MEAM formalism, the total energy E of a system of monatomic atoms has been given by an approximation of the form [27−29] .
where the embedding function F is the energy to embed an atom of type i into the background electron density at site i, and Φ is the pair interaction between atoms i and j whose separation is given by R ij . The embedding energy is given by
where the sublimation energy E 0 i and parameter A i depend on the element type of atom i. ρ 0 is the scaling factor for the background electron density (in fcc structure material, ρ 0 =Z 1 =12). The background electron densityρ i is given in Eqs. (3) and (4) 
For the actinide elements, such as Pu and U, narrower 5f bands along with properties intermediate between those of localized 4f and delocalized 3d orbitals, near the Fermi level, are believed to be responsible for the exotic structure of actinides under ambient condition [30] . For the light actinides with delocalized 5f electrons, the behavior is well described with standard DFT. At the present time, the appropriate methods for dealing with U and U alloys are the hybrid exchange-correlation functional (such as B3LYP, PBE0), the self-interaction correction (SIC), the dynamics mean field theory (DMFT), the local density approximation (LDA), or the generalized gradient approximation (GGA) [31, 32] .
For U-U pair potential, potential data can be obtained from first principle calculation. According to the atomic and molecular reaction statics (AMRS) [33] , U atom belongs to group SO(3). The irreducible representations of the ground electronic states of U atom is 5 L u , and it can be resolved into that of U 2 (group D ∞h ) as follows: U:
1,3,5,7,9 I g (2) · · · In the first principle calculations for U-U pair potentials, the valence electrons of U atom can be treated with the (5s4p3d4f)/[3s3p2d2f] contraction basis set, and the core is approximated with the relativistic effective core potential (RECP). The U-U pair potential data are predicted with Becke-3 hybrid exchangecorrelation functional (B3LYP) implemented in the Gaussian 09w code [34−37] , then they can be fitted with the following modified Murrell-Sorbie analytical potential function. The convergence of self-consistent field (SCF) is less than 10 −8 .
where D e is the dissociation energy, d=r−r 0 , r is the interatomic distance, r 0 is the equilibrium interatomic distance, a l and n are potential function parameters. The cohesive energies E c of U atoms in various structures can be defined as [38] 
where E tot is the total energy of the system, N is the number of U atoms in the system, and E atom is the total energy of an isolated U atom. For the spin-orbit coupling (SOC) effect, the electronic and geometric properties of actinide complexes without treating spin-orbit effects could be adequately described [39−43] . So the effect of spin-orbit coupling is omitted in this work. The DFT calculations for U atoms in various crystal structures are performed by 10×10×10 Monkhorst-Pack grids and the improved tetrahedron method with Gaussian smearing (0.1 eV) under the generalized gradient approximation (GGA) using Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional at the spin-polarized (SP) level within the projected augmented wave (PAW) method as implemented in the ABINIT code [44] . This package is based on an efficient fast Fourier transform algorithm for the conversion of wave functions between real and reciprocal space, on the adaptation to a fixed potential of the band-by-band conjugate-gradient method [45] , and on a potential-based conjugategradient algorithm for the determination of the selfconsistent potential.
A plane-wave cutoff energy E cut =400 eV is chosen. The core of U atom is approximated with the ultra-soft pseudopotential (USPP). The convergence of self-consistent field (SCF) is less than 0.01 meV/atom. Nomagnetic configuration is appropriate for light actinide-U element from the point of total energy, so the U5f electrons in this work are in delocalized 5f 3 electronic configuration. The formula for the monovacancy formation energy without any structural relaxations in a bcc/fcc supercell containing 16/32 atoms is given by [46] 
where E N is the total energy of an N -atom unit cell. During the modeling of U-U EAM potential, the total energy per atom for the equilibrium reference structure is obtained from the 0 K universal equation of state (EOS) of Rose et al. [47] as a function of nearestneighbor distance,
where E u (R) is the universal function for a uniform expansion or contraction in the reference structure, r e is the equilibrium nearest neighbor distance, B is the bulk modulus, α is the exponential decay factor for the 0 K universal Rose EOS, and Ω is the equilibrium atomic volume. δ is a parameter related to the pressure derivative of the bulk modulus of the reference phase. If only first nearest-neighbor interactions are considered in the EAM, the total energy per atom can be given by
where Z 1 is the number of nearest-neighbor atoms. The expressions for the embedding energy F [ρ 0 (R)] and the total energy per atom E u (R) are obtained from the Eqs. (2) and (8), respectively. Because the local environment for individual U atom is similar, the expression for the pair potential between two atoms separated by a distance R is obtained from Eq.(11) as follows:
and it can be compared with the pair potential definition in Eq.(5).
A, β (0) , β (2) , and t (2) are iterated from the following equations [46] , A is the scaling factor for the embedding energy.
The ratio of nearest distances in the sc structure to the fcc structure is given by
The elastic constants C 11 , C 12 , and C 44 are the calculated results of the fcc phase. Johnson found that the electron density decay constant equaling 6.0 in fcc structure yielded reasonable results [48] , so we chose 6.0 for β (2) . The relative energy of hcp and fcc is used to determine t
The monovacancy formation energy in bcc structure is used to determine t
Angular screening was implemented using the nominal values, C min =1.4 and C max =2.8 [49, 50] .
III. RESULTS AND DISCUSSION
A. U-U pair potential
As discussed above, the multiplicities of U 2 are 1, 3, 5, 7, and 9, the unpaired electrons are 0, 2, 4, 6, and 8, respectively. Because of U 5f electrons hybrid with 6d electrons and the configuration mixture effect, the outer-shell orbits may be the multiple contributions from 5f electrons, 7s electrons, and other electrons. The electronic states are undetermined, initial guess orbital changes in the calculation, so we predict several minimum potentials.
When the multiplicity of U 2 molecule is 9, and U-U interatomic distance is 0.33 nm, U 2 molecule is the most stable, so the electronic state for the ground state is X 9 Σ + g . The Murrell-Sorbie analytical potential function is used to fit the potential data with regular equations, the disassociation energies D e =565.58 meV, the equilibrium interatomic distance r o =0. 33 [51] shows that the ground electronic state of U 2 is an X 5 Σ + g state, this state is in fact a metastable state according to our previous work, which is in accordance with the work of Gagliardi et al. [52] . Our present result is different from the work of Gagliardi et al., D e and r o are 1.32 eV and 0.24 nm, respectively [52] . The possible reasons for this discrepancy are that we adopt the relativistic effective core potential (RECP) to replace the electrostatic potential between the nucleus and the electrons, and the internucleus orthogonal effect based on the Born-Oppenheimer (OB) approximation. The relativistic effects of orbital extension and contraction, the terms of "mass-velocity" and "Darwin" are also considered. The self-energy of valence orbital is regenerated in the RECP approximation, the core orbitals and the valence orbitals are given by the relativistic Cowan-Griffin Hartree-Fock equation, so the calculation is much more efficient than the full electronic calculation. However, Gagliardi et al. used a basis set of the atomic natural orbital (ANO) type that has been developed especially for relativistic calculations with the Douglas-Kroll-Hess (DKH) Hamiltonian. A primitive set 26s23p17d13f5g was contracted to 9s8p7d5f2g. A larger ANO basis set was constructed for the calculation of the binding energy, in which the primitive set 27s24p18d14f6g3h was contracted to 11s10p8d6f3g1h, so they gave a more precise result.
B. Potential parameters
The elastic constants (C 11 , C 12 , and C 44 ) and the bulk modulus B for orthogonal α-U (space group Cmcm), tetragonal β-U (space group P 4 2 nm) and bcc γ-U (space group Im3m) are calculated with GGA+PBE at the spin-polarized (SP) level. For U element, all f electrons are treated as itinerant (delocalized 5f electrons in f 3 configuration). The calculated electronic structure is in agreement with the earlier work [53] . Large change in electron coupling behavior is due to the delocalized nature of the 5f states in U compared to the localized nature of the 5f states in Pu [54] . The calculated physical properties are listed in Table I . All the calculated bulk modulus and the atomic volumes are in agreement with the experiment values [55] .
The U-U EAM parameters are obtained by using DFT data for U atom with the fcc reference lattice structure. The sources of the DFT calculation data and the potential parameter values are listed in Table II . E c , r e , α, and δ are determined by Rose fitting of cohesive energy/nearest distance in fcc structure, as shown in Fig.1 and Table II . From Table II we can see that δ<0, so the third-order term in universal Rose EOS (Eq. (8)) softens the repulsive branch of interatomic potential, while hardens the attractive branch of interatomic potential.
C. Verification of potential parameters
The Murrell-Sorbie fitting result is in agreement with the definition in Eq.(12), as shown in Fig.2 .
To test the validity of the U-U EAM potential parameters, the cohesive energies of U atoms in sc (space group Pm3m), bcc (space group Im3m), and hcp (space group P6 3 /mmc, the lattice parameter c/a ratio is fixed at the ideal value) crystal structures for different lattice constants are calculated, and compared with those of DFT calculations in Fig.3 and Fig.4 . Interestingly, the predicted equilibrium interatomic distance of U 2 molecule r o =0.33 nm is consistent with the nearest distance of fcc structure U r e =0.3658 nm (as shown in Table II and Fig.1 ), and that of bcc γ phase U r e =0.32476 nm (as shown in Fig.3) . The agreements between EAM potential and DFT calculation results for the bcc and the hcp structures are also very obvious, although the EAM result for the sc structure is slightly overestimated. The total energies per atom in various structures are also consistent with the DFT calculations. It should be noted that EAM potential evaluation result (0.02 nm 3 ) also reproduces the experimental volume (0.0208 nm 3 ). To compare the monovacancy formation energy evaluated by the U-U EAM potential with the corresponding formation energy predicted by DFT method. 3 The cohesive energies obtained from the EAM potential as a function of (a) the nearest distance for U atoms in bcc structure, (b) the nearest distance for U atoms in sc structure, which are compared with the DFT calculation.
10a 0 ×10a 0 ×10a 0 periodic supercell is completely relaxed in the canonic ensemble (NVT), where a 0 is the lattice constant of fcc U. The monovacancy configuration is realized by removing an arbitrary atom from the cell, so the monovacancy formation energy is the mean value averaged over several geometric relaxation results. Six-order Gear predictor-corrector algorithm and Nose-Hoover thermostat are employed, the total simulation time is 20 ps, and the time step is 1 fs. Angular screening was implemented using C min =1.4 and C max =2.8, a radial cutoff distance of 0.476 nm is also used. Because of the many-body screening effects, the calculation results are independent from radial cutoff distances, as far as they are larger than the second nearest neighbor. The convergence of total energy is less than 0.01 meV. The monovacancy formation energy E vf in the fcc structure based on DFT method is calculated at the GGA+SP level, we find that the EAM potential give a result (E vf =2.320 eV) in good agreement with DFT calculation result (E vf =1.927 eV).
IV. CONCLUSION
In this work the electronic states and potential data of U 2 molecules are performed by the first principle The U-U interatomic potential parameters are determined based on the DFT calculation results and the embedded atom method (EAM). The U-U pair potential determined by the first principle calculations is in agreement with that defined by the EAM potential parameters. The reliability and the flexibility of the EAM potential parameters have been tested for U atoms in bcc, sc, and hcp structure. In the future work, we plan to adopt Pu-Pu, Pu-U and U-U potential to perform MD calculation of the effects of U recoil nucleus on the material properties, such as the volumetric expansion, the lattice parameters, the elastic constants, and the phase stability in δ-Pu. MD results along with the point defects properties, such as the migration energies, the formation energies and the mobilities can be used as the input data of the mesoscopic Monte Carlo and the rate equations simulations.
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